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INFRARED SPECTRA OF HEAT TREATMENT 
CENTERS IN SILICON 


Henry J. Hrostowski and R. H. Kaiser 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received August 12, 1958) 


Oxygen dissolved in silicon at temperatures 
near the melting point forms a neutral unit with 
two silicon-oxygen bonds.’’? On heating near 
1000°C the oxygen precipitates into an SiO, 
phase.* Heat treatment in the temperature range 
300-600°C produces donors‘ which apparently 
result from some step preliminary to the preci- 
pitation process. The electrical properties are 
complicated, * and Hall effect measurements® 
have indicated several donor levels. Other re- 
sults* indicate that the heat treatment donor is 
an SiO, complex. We have observed electronic 
transitions of heat treatment centers optically. 
These results give direct information about such 
centers and provide some insight into the atomic 


rearrangements occurring during heat treatment. 


The samples used were saturated with oxygen 
at 1420°C (1.8 x 10?® atoms/cm‘) and contained 
no detectable concentration of other donors. 
Infrared spectra at 4.2°K were obtained for heat 
treatment donor concentrations, n, varying from 
2.5 x10"*/cm to 6.5107*/cm’. n was deter- 
mined from the measured room-temperature 
conductivity using the mobility data of Prince.® 
Figure 1 (a) shows the spectra at 300°K and 
4.2°K for n =10'5/cm*. The band near 515 cm~! 
is the Si-O bending vibration.?, The absorptions 
which appear on cooling have a temperature 
dependence similar to that observed for other 
shallow donor impurities. These are electronic 
transitions from the ground state to excited 
States of a heat treatment center. Heating this 
sample to 630°C reduced m to 2.5 x 10*m°, 


and the spectrum shown in Fig. 1 (b) was ob- 
tained. The intensities of the electronic tran- 
sitions have decreased by a factor of four as has 
n. For n<10'5/cm* no absorptions were ob- 
served at lower energies. 

Fig. 1 (c) shows the spectrum of arsenic, 
which has a term scheme in agreement’ with 
that calculated for donors by Kohn and Lutting- 
er.® The strong bands at 0.0423 and 0.0475 ev 
are, respectively, the 1s -2p, m =0 and 1s~2p, m 
=+1 transitions. Fig. 1 (a) also shows two strong 
bands with approximately the same separation. 
The energies of these transitions and the theo- 
retical separations’ of the 2p levels from the 
conduction band give an approximate ionization 
energy, E,, of 0.066 ev. The spectral pattern in 
Fig. 1 (a) is quite different from that of As in- 
dicating that the potential energy for this heat 
treatment center does not have the spherical 
symmetry of the Coulombic potential used in 
the effective-mass approximation.® 

The intensities of the 0.066-ev donor absorp- 
tions are directly proportional to n below 10'5/ 
cm’. However, these intensities give 0.4m for 
the 0.066-ev donor density, n,, at n=10"*/cm® 
and indicate that nm, approaches 10'*/cm® for 
higher values of n. As n is increased by heating 
at 430°C, new bands also appear at lower ener- 
gies. Figure 2 illustrates the resultsfor n=4x10'*/ 
cm’, Thirty absorptions were resolved alto- 
gether between 510 and 300 cm™ in the spectra 
for samples with various amounts of heating at 
430°C. No one spectrum shows all of these 
bands. Bands observed after heating at 430°C 
are removed by heating at 630°C and obtained 
again after further heating at 430°C. 

Newman’ has shown that the intensities of 
shallow acceptor bands are essentially linearly 
dependent on acceptor density, p, up to about 
5 x10**/cm* and that the major effect of increas- 
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experimental techniques and refinements in the 
theoretical interpretation, however, indicate 
the desirability of considering the problem more 
fully bringing in the dynamic effects as well. 
The main effects appear to be the Coulomb ex- 
citation of the molecular electrons which exists 
even if the parameter m/M approaches 0 and the 
acceleration effect which vanishes in the above 
limit and is caused by the acceleration of the 
target atom or molecule. Only the latter effect 
is present in the n-p case. If classical mechan- 
ics were applicable, these processes would not 
require a change in the interpretation of the 
data. The probable excitation energies of the 
electronic system are in fact so low as to affect 
the nucleon energy by negligible amounts. But 
conditions for the applicability of the classical 
theory are not satisfied in the 0-10 Mev range 
of the precision p-p experiments. Quantum me- 
chanics distinguishes between collisions without 
excitation which give rise to coherent scattering 
and collisions with electron excitation which re- 
sult in states incoherent with the incident wave. 
For purely Coulombian fields and large values 
of n=e*/fiv classical mechanics is a good ap- 
proximation, and the absence of the dynamic ef- 
fects is, in this limit, explicable as a compen- 
sation of the inelastic differential cross section 
d0ine|/d2 by 5(dogo,/dQ), the change in the 
coherent cross section caused by the change in 
the collision matrix resulting from the presence 
Of One]. With the relatively small 7 in the p-p 
case, this compensation cannot be expected to 
be accurate and the large S-wave anomaly can- 
not be treated classically. At high energies, 

the passage of the proton through the electron 
distribution can be pictured by classical me- 
chanics with relatively more justification on ac- 
count of the shortness of the proton wavelength 
and of the collision time. 

For a pure Coulomb field the dipole effect of 
Coulomb excitation, calculated employing clas- 
sical mechanics for the motion of the protons 
(SCT) in a collision of a proton with a hydrogen 
atom in its ground state is 


Ss? = (0.075/E,,..) s*, s=sin0, 96=6/2. (1) 


Here @ is the scattering angle in the center-of- 
mass system. Effects of particle spins and of 
adiabaticity of collisions are neglected in the 
above formula. The latter effect is not quite 
negligible at the lowest energies (~300 kev) for 
Which there are data but is not serious. The 
formula just quoted is not quite accurate even in 


the SCT, the smallness of the curved part of the 
proton trajectory in comparison with atomic di- 
mensions having been made use of in the ap- 
proximate derivation. This effect amounts to 
~0.3% increase in scattering at 6 =15° at 1830 
kev and 0.07% at @=45°. In these numbers the 
S-wave anomaly is used through the employment 
of the experimental cross section but its effect 
on Coulomb excitation has been neglected. On the 
above basis the fractional change in o has a 
maximum at about @=15°. These effects are 
comparable with those of vacuum polarization.” 
Their residue after a consideration of related 
changes in 0,,, should enter the determination 
of p- wave phase shifts from experiment. The 
formula quoted gives decreases of 1.1, 0.3, 
0.05% in the s-wave phase shift K, at 860, 1200, 
2105 kev, respectively. With neglect of the com- 
pensation effects, the true K, would be expected 
to vary somewhat more steeply with energy than 
under the neglect of the presence of 0;,,). Such 
a change would shorten the range of force de- 
rived from experiment. The / function would 
have to be corrected by 0.03, 0.01, 0.002(5) at 
the three energies, respectively. In the absence 
of other data these corrections would amount to 
roughly a 2% decrease of the range parameter. 
At lower energies the effects change sign. It 
would be incorrect to use these numbers for 
quantitative conclusions because they do not in- 
clude the previously mentioned compensation 
effects. 

Neglecting particle spins, the dipole Cou- 
lomb excitation to p-states involves the con- 
sideration of reaction channels with the follow- 
ing values of the total angular momentum J, the 
initial partial wave orbital angular momentum 
L; and final orbital angular momentum L-;: 

(0 +, L;=0), (0+, Ly =1); (1-, Ly =1), (1-, Ly =0), 
(1-, L;= 2); (2+,L; =2), (2+, Ly= 1), (2+, Ly =3); 
etc. The + or - after each J value denotes the 
parity. States with the same J and parity appear 
between two semicolons in the list and form a 
coupled system whose collision matrix U can be 
calculated by means of coupled equations on ap- 
propriate radial functions. The compensation 
effects are approximately additive and an idea 

of their importance can be obtained treating each 
atomic principal quantum number n separately. 
The effect of coupling on the atomic ground- 
state channels is to change the absolute value of 
the diagonal element of U from 1 to p=(1-p”)¥? 
= 1-p’?/2 and also to change the argument of that 
element from 2iK to 2i(K +5K) where K is the real 
phase shift. If the p’ and 5K corresponding to the 
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same L; were equal, the change in the coherent part of o would be 


5 (do eon M2) = (2/k?)Re {A, 2 (2L+1)P, (cosé)e, .(2i6K, -%py'2)(2i)"*exp (2iK,)}, (2) 


with 


A, =-(1/2s*)exp (-i nlns*)+ 2. (2L+1)P, (cosé)e zol-1+exp(2éK ; )]/(2%), 
L 


ero = tan-'(n/L)+tan™* [n/(L - 1)] + *** + tan". 


For pure Coulomb scattering, neglecting proton identity, 


d Opon/I2 =k {n?/As* +(ns”) 2 (2L+1)epoPL (cosé)[(p;’2A)sin( Ins?) -(5K  )cos(nlns*)]}. —_(3) 


The compensation effect is caused by the sec- 
ond term in braces in (3) or more generally by 
(2). For J=0+ there are only two coupled radial 


functions but three final substates corresponding 


to different atomic magnetic quantum numbers 
leading to spherical symmetry of Ojne]. The 
ratio of the inelastic to the coherent effects for 
J=0 is for the pure Coulomb case 


(s?/n)/[ ¢sin(nlns*)-(5K/p”)cos (nlns?)]. (4) 


For 1830 kev and 6 =15° a very crude estimate 
of this ratio is =-0.6. This number is not sig- 
nificant on account of the many omitted effects, 
except for showing that exact compensation is 
unlikely as is clear from the angle dependence 
of (4) and the effect of K, through (2). 

Dipole excitations arising from the accelera- 
tion effect appear in the SCT as a consequence 
of terms in the Hamiltonian having the form 


ace = ~e'CR(t) BAR, , (5) 
where R, is the greater of the quantities R(t), 
Pq= tp, with §=m/(m+M). 


Here R(t), p are, respectively, vector displace- 
ments from target proton to incident proton and 


H 


electron. At large distances H’acc is much small- 


er than H 'CE but extends to smaller distances. 
For the larger 6 the SCT employing the approxi- 


mations previously mentioned gives the same re- 


sult for the acceleration effect as for Coulomb 
excitation. The signs of the two additions to the 
Hamiltonian are the same at the larger R so that 
no cancellation of amplitudes is expected. If in 
(5) one replaces R, by R(t), much larger values 
for the probability of excitation are obtained. 
Such a replacement corresponds to the most 
naive picture of the acceleration effect but is 
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not correct since the usual type of perturbation 
calculation must be arranged so as to have se- 
parability of the unperturbed Hamiltonian. In 
the n-p case the acceleration effect is caused 
entirely by nuclear forces and the estimates 
made here are inapplicable. 

The presence of the two effects makes the in- 
terpretation of low energy nucleon-nucleon 
scattering less certain. A calculation of effects 
in the hydrogen molecule is likely to be difficult. 
The main object of the present note is to point 
out the presence of the electron effects which 
apparently has to be considered more carefully 
than heretofore. 

In addition one has to consider the recoil on 
the nuclei caused by the ejection of an electron. 
For small @ the rapid variation of cross section 
with angle increases this error. Estimates have 
not shown clearly that these effects and the re- 
lated inclusion of the effect of small m in the 
reduced mass are important and improved esti- 
mates of the effect of electron-cloud screening 
in the ground state of hydrogen have yielded only 
negligible effects. The complications arising 
from the presence of the dynamic electron effects 
interfere with the employment of the low-energy 
region for the detection of p-wave anomalies. 
They increase the relative importance of mea- 
surements at higher energies. 





*This research was supported by the U. S. Air Force 
under a contfact monitored by the Air Force Office of 
Scientific Research of the Air Research and Develop- 
ment Command. 

1 Breit, Condon, and Present, Phys. Rev. 50, 825 
(1936). 
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SEARCH FOR MASS-550 PARTICLES* 


J. W. Keuffel, R. L. Call, W. H. Sandmann, 
and M. O. Larson 
University of Utah, Salt Lake City, Utah 
(Received August 1, 1958) 


Alikhanian et al.’ have reported evidence for 
the existence of cosmic-ray particles with a 
mass about 550 times that of the electron, and 
with an abundance relative to 1 mesons of 0.5%. 
The particles appeared to come from the at- 
mosphere rather than from nuclear interactions 
in local material, implying a mean life in the 
microsecond range or greater. 

We have searched for such particles (here de- 
noted X particles) using the apparatus shown in 
Fig. 1. Slow cosmic-ray particles are selected 
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FIG. 1. Experimental disposition. G, is a tray of 
12-inch Geiger counters. A, B, and S, are square 
plastic scintillators. C is a water-filled Cerenkov 
anticoincidence counter. S, and S are cylindrical 
liquid scintillators. ’ 





by an incident telescope consisting of Geiger 
counter tray G, scintillators A, B, and S,, and 
Cerenkov anticoincidence counter C. The par- 
ticles stop in a thin-walled 64-kg liquid scintil- 
lator S, enclosed below by the anticoincidence 
jacket S,. An oscilloscope is triggered by a 
coincidence GCS,S,S, (the bar denotes an anti- 
coincidence) and the pulses from S,, S,, A, B, 
and S, are presented on a 20-usec trace, using 
suitable artificial delays. Anticoincidence 
guard counters (not shown in Fig. 1) are used to 
eliminate edge effects in S,. 

Besides triggering the primary trace, a stop- 
ping particle initiates a gate 155 milliseconds 
in duration (50 milliseconds in the earlier runs) 
as well as a slow sawtooth which carries the 
vertical positioning control of the scope slowly 
upward. The gate activates a secondary coinci- 
dence circuit, which triggers another 20-usec 
sweep on S,S, events occurring during the gate. 
Thus each stopping particle is investigated for 
evidence of decays over a six-decade range of 
mean lives, from 10~’ to 107" sec. Delays in 
the range 20 usec to 1 msec have the secondary 
trace superimposed on the primary, but are 
easily recognized. 

During the last half of the experiment, the 
slow gate also activated a pulse pair selector 
circuit, which triggered a secondary trace 
whenever there occurred a pair of pulses sepa- 
rated by less than 10 usec. Thus any X-7-p 
mode, or any X-y mode with a energy greater 
than about 2.5 Mev, would have been detected 
with high efficiency. 

The mass of each particle is calculated from 
the ionization loss in the thin scintillator S, and 
the total energy released in S,. The resolution 
curve for such a mass measurement has a long 
tail on the high side caused by the Landau dis- 
tribution of pulse heights in S,. Excellent dis- 
crimination against 7 and » mesons is never- 
theless achieved with the aid of the Cerenkov 
anticoincidence counter, which limits the range 
of mesons accepted by the incident telescope. 
The mesons are excluded by accepting only 
those scope traces which show an S, pulse 
greater than 50 Mev and no delayed pulse in the 
microsecond range. From a study of the rate 
and time distribution of the » mesons identified 
by a 2.2-usec delayed pulse, it was determined 
that leakage due to »” mesons captured in car- 
bon was 0.025%. Leakage due to unresolved p* 
decays was 0.1%; the added energy of the decay 
electron in this case may make the apparent 
mass of such an event appear as high as 450, 
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but rarely much higher. 

Although all stopping 7~ mesons are captured, 
their abundance is much less than that of the p™ 
mesons. The 7 stars increase the S, pulse by 
only 10 to 20 Mev since most of the energy goes 
into neutrons or inefficiently scintillating a-par- 
ticles. If 7” contamination were present at 
500 m,, one would expect a peak around 350 m, 
which is not observed. 

The largest background in the mass spectrum 
is caused by protons which interact in S, with 
some energy escaping as neutrons or heavy 
fragments. The results of a run with no Pb in 
the incident telescope revealed a flat background 
15% as high as the proton peak extending down 
to 400 m, and then tapering off. There was no 
evidence of a peak anywhere below the proton 
mass although a particle present at an abun- 
dance of 0.25% would hardly have escaped 
notice. 

The results of a run under 167 g/cm’ of Pb 
are shown in Fig. 2. The running time was 
1425 hr during which time about 28500 » mesons 
entered the apparatus and stopped in the same 
range interval as would be accepted for X par- 
ticles. This number was obtained from runs 
where the Cerenkov anticoincidence was turned 
off; it agrees with the known slow-p rate. The 
protons are reduced by about a factor 6, due to 
both nuclear interactions and ionization loss. 
There seem to be more events between 450 and 
750 m, than can be accounted for by back- 
grounds due to unresolved p: decays, 7” mesons, 
and protons, but the backgrounds are not accu- 
rately known. We can only say that the mass 
spectrum, by itself, is inconsistent with an X- 
particle abundance greater than about 0.2%. 

More definite conclusions can be drawn from 
an analysis of the delayed traces associated with 
the 83 events in the region 450 to 750 electron 
masses. If a secondary trace had a pair of 
pulses with a separation in the microsecond 































Table I. Delays associated with 450 to 750 mp events. 
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FIG. 2. Mass spectrum under 167 g/cm? of Pb for 
particles releasing more than 50 Mev inS,. The 
ordinate represents particles per 50 mass units. 
Also shown is the mass spectrum of identified p 
mesons from the same run, with its area reduced by 
a factor of 10. The total number of » mesons enter- 
ing the apparatus and stopping in the same range in- 
terval as would be accepted for X particles was 
28500, but most of these were rejected by the Ceren- 
kov counter. 
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range, it was classified as a possible X*~7* 
+ 7° or X*—y+ + 7° decay if the first pulse of the 
pair was less than 20 Mev. It was classified as 
a possible X*~yu* + 2y decay if the first pulse 
was between 20 and 60 Mev. Single secondary 
pulses were accepted as possible X*~e* + 7° or 
Xte* + 2v decays if the energy lay between 25 
and 70 Mev; in this case the energy limits 
would be set largely by geometrical considera- 
tions since the electron would have a very high 
energy. Background rates, due to accidentals 
occurring during the gate, were obtained from 
the number of secondary traces associated with 
protons during the same run. The time distri- 
bution of the accidentals was flat throughout the 
gate for all runs. 

The results are given in Table I. The rele- 
vant number of y+ mesons has been multiplied, 
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in each case, by the estimated efficiency of the 
apparatus for detecting the particular decay 
mode in question. We conclude that the abun- 
dance of mass-550 particles which decay into a 
light meson is less than about 0.05% relative to 
y mesons. On the other hand, the data are not 
inconsistent with the existence of such particles 
at the 0.1% abundance level if the charged decay 
secondary is an electron and the mean life is 
greater than about 10 milliseconds. The ex- 
periment is continuing with the longer gate and 
some reduction in background. 

In comparing our results with those obtained 
at higher altitudes, it should be noted that the 
slow- intensity increases by a factor 2.2 from 
our altitude (4700 ft) to, say, 10700 ft. Thus, 
even if the X particles were attenuated as ra- 
pidly as the nucleonic component (a factor 5), 
the difference is only a factor 2.3. It should 
also be remarked that in the experiment of 
Alikhanian, the particles traversed almost 70 
g/cm? of Pb before entering the mass spectro- 
meter. 





*Assisted by the National Science Foundation. 

tNow at Bell Telephone Laboratories, Whippany, 
New Jersey. 

!Alikhanian, Shostakovich, Dadaian, Federov, and 
Deriagin, Zhur. Eksptl. i Teoret. Fiz. 31, 955 
(1956) [translation: Soviet Phys. JETP 4, 817 (1957)]. 





SHORT y-RAY BURST FROM A SOLAR FLARE* 


L. Peterson and J. R. Winckler 
University of Minnesota, 
Minneapolis, Minnesota 

(Received August 25, 1958) 


During a balloon flight at Cuba we have ob- 
served a short burst of radiation coincident 
with a Class II solar flare at 1305 UT on March 
20, 1958. Associated with this flare were iono- 
spheric disturbances, a magnetic crotchet and 
earth current disturbance, and solar radio 
emission at 3 cm and 27cm. The time sequence 
of the various effects is shown in Fig. 1. 

We believe the observations can be accounted 
for by electrons on the solar surface accelerated 
toabout 1 Mev during the growth of the flare. 

The radio spectrum is emitted as betatron ra- 
diation from these electrons as they spiral in 
the intense magnetic fields associated with the 
sunspot group. These same electrons finally 
stop in the solar photosphere, where a small 


fraction of their energy is lost as bremsstrahlung 


y rays. This y-ray spectrum, modified by pass- 
age through the earth’s atmosphere, accounts 
for the balloon observation. 

The burst was detected with a spherical in- 
tegrating ion chamber and a single omnidirec- 
tional Geiger counter.’ The response of the two 
instruments shown in the upper part of Fig. 1, 
before and after the burst, has a ratio character- 
istic of cosmic rays at Cuba. The increase 
occurred almost entirely during one scaling in- 
terval of 256 counts and 18 seconds duration. 
The burst could therefore have been less than 18 
seconds in duration. The excess ionization has 
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FIG. 1. Upper - response of ionization chamber and 


counter during flare. Center and lower - solar radio 
emission recorded at Paris (courtesy J. F. Denisse). 
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been converted to the 18-second interval (dotted 
profile in Fig. 1) for comparison with the coun- 
ter. The ratio of ion-chamber excess divided 
by counter excess, compared to the ratio for 
fast singly-charged cosmic rays, is 1.7_,%,°" 

We do not attribute the increase to charged 
particles, as the geomagnetic cutoff energy at 
Cuba is 8 Bev and we know experimentally that 
the cosmic ray primaries and associated second- 
aries at this latitude give a relative ratio 1.0 at 
10 g/cm? atmospheric depth when compared 
with the ratio for minimum ionizing particles 
deep in the atmosphere. The transit time from 
the sun seems to be identical with the visible 
photon component of the flare maximum and 
the radio frequencies. This, together with short 
duration of the burst and no evidence of a slow 
decay, does not resemble large cosmic-ray 
increases associated with solar flares.” Singer*® 
has reported a small flare effect observed at 
aircraft altitudes at high latitude, but it does 
not seem possible to account for his observation 
by the phenomena reported here. Our ratio is, 
however, consistent with bremsstrahlung radiated 
from solar 1-Mev electrons stopping in the hydro- 
gen photosphere and being filtered by the 20 
g/cm? of terrestrial atmosphere between the 
sun and the balloon. For y rays of this average 
energy, about 4 Mev, the average flux passing 
through the chamber is 7.5 x 107° erg/cm?-sec. 
This requires about 2.4 x10** 1-Mev electrons 
stopping in the photosphere. 

The radio burst was unusual for its intensity, 
brevity, and absence of an effect at frequencies 
less than 500 Mc/sec, and because the higher 
frequencies were emitted from a region covering 
4 of the solar disk. This spectrum is consistent 
with betatron radiation from 1-Mev electrons in 
a 1000-gauss field. To produce the observed 
radio flux of 350 x 10°~”? watt-sec/m?-cycle by the 
betatron effect requires 2.3x10*! electrons ra- 
diating independently. To compare with the y- 
ray intensity, we may assume that only 107° of 
the radio radiation can escape from the region 
of intense magnetic field and ionized plasma in 
which the acceleration took place, and that this 
was essentially scattered out, thus accounting 
for the large apparent area of emission. 

The ionospheric disturbance and magnetic 
crotchet can be accounted for by uv or x-radia- 
tion ionizing the D layer.* The ionization pro- 
duced by the y rays in the ionosphere is neglig- 
ible. 

We are indebted particularly to J. F. Denisse 
of the University of Paris, and also F. T. Had- 


206 


———___ 


dock of the University of Michigan and L. D. 
de Feiter of the Netherlands Postal and Tele- 
communications, the Hague, for many details 
of the solar radio emission and ionsopheric 
effects. The radio burst is also reported in 
National Bureau of Standards Solar -Geophysica] 


Data Report for April, 1958, observed at Ottawa, 


Discussions with Dr. Constance Warwick of 
National Bureau of Standards, Boulder, Colo- 
rado, were of great assistance in assembling 
the information. Mr. Maas and Mr. Huch of the 
University of Minnesota and Commander Robert 
Cochran and the Office of Naval Research were 
essential in carrying out the balloon operation 
at Guantanamo Naval Base, Cuba. 





* This program supported by the U. S. National 
Committee for the International Geophysical Year 
through the National Science Foundation, and the 
Office of Naval Research. 
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NUCLEON SPECTRUM IN STRONG-COUPLING 
THEORY* 


L. Landovitz f 
Institute for Advanced Study, 
Princeton, New Jersey 
ard 


B. Margolis t 
Physics Department 


Columbia University, New York, New York 
(Received August 27, 1958) 

Recent measurements of the total cross sectin 
of 7 mesons incident on protons! and of photo- 
production of 7 mesons*™* have shown resonances 
at higher energy than the well known (3, 3) re- 
sonance at 300 Mev. 

Pauli and Dancoff® have shown that the strong- 
coupling symmetric pseudoscalar meson theory 
predicts a set of rotational or isobaric bound 
states for the nucleon for which the angular 
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momentum j and isotopic momentum ¢ are equal. 
These states have excitation energies of order 
1/g’ in the coupling constant g. They are given 
by 
jG +1)-3/4 
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where « is the mass of the 7 meson anda isa 
cutoff length of the order of the nucleon size, 
the nucleon being represented by a source func- 
tion. Equation (1) is valid for small sources 
satisfying ka<<1. The lowest state with j=t= 4 
represents the physical nucleon. The first ex- 
cited state has j=t= 3. 

Although the nucleon has no bound excited 
states, it is interesting that the first resonance 
in 7 scattering and photoproduction of 7 mesons 
has these same quantum numbers. The question 
arises whether there are any other low-lying 


states predicted by strong coupling meson theory. 


Using the Pauli-Dancoff theory, we have shown 
that there are states of order g° in the coupling 
constant and these need not have j =t. 

The procedure of strong-coupling theory in- 
volves the introduction of collective coordinates 
into the Hamiltonian of the meson-nucleon sys- 
tem.> Once these have been introduced, one 
separates out the dependence of the Hamiltonian 
on angular momentum and isotopic spin. That 
is, one separates out isobaric or rotational 
terms. After some transformations® one diagon- 
alizes the interaction energy which is large be- 
cause of its dependence on the coupling constant 
g. The Hamiltonian is then considered as the 
energy of a classical field aside from its de- 
pendence on the isobaric quantum numbers. To 
get the low-lying rotational states of the system 
one finds the minimum of the effective potential 
energy. The low-lying levels are rotational ex- 
citations of the meson cloud in isospin space at 
the minimum effective potential energy position 
of the field. The effective potential includes an 
important contribution from the rotational terms 
for the states considered below which leads to the 
g° dependence of these states on the coupling 
constant. 

In the small source, strong coupling limit we 
obtain the following expression for the lowest 
rotational set of states, 


iF ve) x+ 3 LG+D)+tt+1)-9 (gy 





i,t ~ ka g?/ka 
where 
LSP ae, 
and 
N= [U*(r) dV, (4) 


Ur) being the normalized nucleon source function. 


ln the strong-coupling limit we find a new quan- 









tum number y corresponding to an operator Y, 
where Y*=(J+T)?. The quantum numbers y are 
integral, j and ¢ half integral. The states of 
formula (2) belong to y=1. The Pauli-Dancoff 
states have y=0. 

It is of some interest to make numerical esti- 
mates of the excitations given by formula (2). 
From the first (3, $) state (y=0) we find g?/xa 
= 2.0. The integral N depends on the form of the 
source function U(v). Assume a Yukawa shape 
for U(r) 


U(r) =(r/AmR?)e “7, (5) 


and put kR~4. Then we get a spectrum for the 
states up to 1 Bev as given in Table I. We in- 
clude only states having ¢ <3 . 


Table I. Estimated nucleon level spectrum. 











E (Mev) 
0 300 600 750 750 900 
j ; . 3 bf 3 
t $ $ 3 $63 3 
y 0 0 1 1 1 1 








The next rotational band starts at an excitation 
V3 higher than that of formula (2). The higher 
bands will be discussed at a later time along with 
details of the work described here. 

One of us (B.M.) wishes to thank Professor R. 
Serber for making available to him some un - 
published notes on strong-coupling theory. He 
also wishes to thank Professor Serber and Dr. 
Jerrold Franklin for helpful discussions. The 
other wishes to thank Dr. Robert Oppenheimer 
and the Institute for Advanced Study for their 
hospitality. 
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t Part of this work was carried out at the Brookhaven 
National Laboratory. This author wishes to thank the 
Laboratory for its hospitality. 
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UPPER LIMIT TO THE MAGNETIC 
MOMENT OF He°T 


E. D. Commins and P. Kusch 


Department of Physics, Columbia University, 
New York, New York 
(Received August 21, 1958) 


An experiment has been performed to place an 
upper limit on the nuclear magnetic moment of 
He®. Since this nucleus is even-even it is highly 
probable on theoretical grounds alone that the 
spin and magnetic moment are zero. Neverthe- 
less there exists a disagreement between theo- 
ry' and experiment* concerning the nature of the 
Gamow- Teller interaction in the He® beta-decay. 
The disagreement might arise from experimental 
errors and there is some evidence that this is 
the case. *»* On the other hand it has been sug- 
gested that the disagreement might arise from a 
failure of the assumption that He® has zero spin. 
Consequently it is desirable to test this assump- 
tion experimentally. 

The experiment is of the Stern-Gerlach type 
and was performed at the Brookhaven National 
Laboratory Reactor. The only novel feature of 
the apparatus is the method of detection. The 
beam enters a long narrow detector channel 
which terminates in a cylindrical aluminum 
cavity. The dimensions of the channel and cavi- 
ty are such that the probability for re-emergence 
of a He® atom during the half-life for beta decay 
(0.83 sec) is quite small. Consequently most of 
the He® nuclei entering the cavity remain to decay 
there. The energetic beta rays emitted during 
the decay readily penetrate the 0.25-mm cavity 
walls and enter a plastic scintillator crystal 
surrounding the cavity. This scintillator is con- 
nected to a phototube by means of a light pipe, 
so that it is possible to count the number of 
decays occurring in the cavity. The inhomoge- 
neous field and the geometry of the apparatus 
are such that application of the field results in 
a deflection of the beam from the channel en- 
trance to give a decrease in counting rate as 
shown in Fig. 1. 

The He® is produced by neutron bombardment 
of Be(OH), in the Brookhaven reactor. The gas 
handling system is similar to that previously 
described.” A careful half-life determination of 
the gas sample indicates that N’*(7.3 sec) and 
Ne** (37.6 sec), suspected to be the two chief con- 
taminants, were present to the extent of less 
than 2%.° The detecting system discriminates 
strongly against atoms with long half-lives. 
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A standard three-inch DuMont phototube was 
employed with the detector, connected in a con- 
ventional manner to a pulse amplifier, followed 
by a single-channel analyzer and a scaler. The 
analyzer was set to observe pulses corresponding 
to decay electrons of between 0.8- and 2.1-Mey 
energy, thus including the peak of the He® beta 
decay spectrum. 

With no gas flowing into the apparatus, a back. 
ground of 11 counts per second was observed. 
This is attributed to scattered radiation from the 
reactor itself. With He® entering the apparatus 
but with the beam off, the background level rose 
to 48 counts per second and was reduced only a 
few percent with the foreslits closed and with 
aluminum foil placed over the detector channel 
entrance. This background is attributed to 
bremsstrahlung arising from He® decay in the 
source volume and at the source slits. With the 
foreslits adjusted properly, the aluminum foil 
removed, and the beam on, a beam profile was 
taken by moving the collimating slit perpendicu- 
lar to the beam axis. The intensity pattern ob- 
served consisted of a background very nearly 
independent of the position of the collimating 
slit, on which was superimposed a distribution 
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FIG. 1. The quantity 5, calculated for a gas tem- 
perature of 77°K and for the geometry and magnetic 
field gradient of the present apparatus under the as- 
sumption that an atom in the 'S, state has J = 1 anda 
magnetic moment yp nm. 
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of trapezoidal shape and of the width predicted 
from the geometry of the apparatus. When the 
detector was centered in the image of the beam, 
the counting rate produced by the beam was 34 
per second. 

The data of the experiment are shown in Table 
I. The quantity of interest is the.decrease in 
the counting rate, arising from the beam, when 
the magnetic field is applied. However, the 
magnetic field affects the electron trajectories 
in the phototube and an appropriate correction 
must be made. We take for the relative sensi- 
tivity of the phototube the ratio of the background 
count (beam off) with the field off and on. We 
therefore have for the ratio of the intensity with 


field off and on the quantity 
_(A-B)\D_(A C _ ;)-1 
n= (6 33 -(4 : 1)(§ ; y 
=1 - 6. (1) 


From the data in Table 1, we find 5 = 0.007 
+0.013. The image of the beam in the detector 








Table I. Total number of counts observed for various 
experimental conditions. 
Condition 

Observation Magnet Beam Total counts 

A On On 202 368 

B On Off 118 524 

Cc Off On 204 864 

D Off Off 119616 








plane is a trapezoid. A detailed calculation of the 
decrease in the number of particles incident on 
the detector slit, symmetrically placed within 

the beam image, can give an upper limit to the 
magnetic moment of the He® nucleus if a spin is 
assumed. In Fig. 1 is shown the quantity 5 as a 
function of up for J = 1. The upper limit of the 
magnetic moment is thus 0.16 nm and the most 
probable experimental value is 0.09 nm; however, 
the probability of a zero moment is considerably 
greater than that of a moment as great as 0.16 

im. The quantity 5 is quite sensitive to the ap- 
erture of the apparatus and a reduction in aper- 
ture would allow a determination of » within 
closer limits. However, the large background 
inthe present experiment, which would not be 
teduced by a decrease in aperture, makes this 
reduction of limited value. 

It is difficult to construct a model of the He® 
tucleus which would ascribe a spin to it and a 


moment as small as 0.16 nm. It therefore seems 
highly probable on experimental grounds that 
the spin of the He® nucleus is indeed zero. 

We gratefully acknowledge the aid given us by 
J. Vise and B. M. Rustad, who designed, con- 
structed and operated the gas-handling system 
and provided much useful advice. Joseph Haas 
expertly constructed the atomic beams appara- 
tus, and A. Franklin assisted in taking data and 
performing calculations. 





Work supported in part by the Office of Naval Re- 
search, and the Signal Corps, and the Air Force 
Office of Scientific Research under a joint service 
contract and an Office of Naval Research contract. 
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SEARCH FOR PARITY NONCONSERVATION IN 
THE ASSOCIATED PRODUCTION PROCESS*t 


Frank S. Crawford, Jr., Marcello Cresti, 
Myron L. Good, Frank T. Solmitz, 
and M. Lynn Stevenson 
Radiation Laboratory, 

University of California, 

Berkeley, California 
(Received August 27, 1958) 


Parity nonconservation was first established 
experimentally in the weak interactions of 8 de- 
cay, 7 decay, and p decay. Subsequently, the 
observation of a large up-down decay asymmetry 
of A’s with regard to the production plane, in 
the reaction sequence 


1 +p+A+K°®, (1) 
Awp+t, (2) 


demonstrated that parity is also not conserved 
in hyperon decay.” 
Experiments involving nuclear energy levels 
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demonstrate that parity is conserved to a high 
degree in strong interactions between nuclei.* 
However, it has been pointed out by Soloviev* 
and by Drell, Frautschi, and Lockett® that this 
evidence may have little bearing on the question 
of whether parity is conserved in strong inter- 
actions involving strange particles.® 

The observed large asymmetry in the A decay 
(2) furnishes a powerful means of investigating 
this question, through determination of the di- 
rection and magnitude of the A polarization. If 
parity is conserved in the associated production 
process (1), there can be no component of A 
polarization and hence no decay asymmetry in 
the production plane.’ Further, Drell et al. 
point out (and we repeat their observation in the 
latter part of this paper) that if some parity- 
nonconserving amplitude is present in the pro- 
duction (1), it cannot fail to yield a polarization 
component in the production plane.® (This con- 
clusion depends on the presence of the already 
established asymmetry normal to the produc- 
tion plane.'»?) Consequently, one can experi- 
mentally determine an upper limit to the parity- 
nonconserving contribution to (1). 

We have analyzed in detail 236 events of the 
type (1) +(2), produced by 1.12-Bev/c pions in- 
cident upon a liquid hydrogen bubble chamber. 
Our results are perfectly consistent (x? proba- 
bility of 30%) with zero decay asymmetry in the 
production plane. The data are thus a good fit 
to the hypothesis that parity is conserved in 
associated production. If, in order to establish 
an upper limit, we adopt the hypothesis that 
parity is not conserved in the production, we 
find that the fractional intensity of the parity- 
nonconserving contribution is 0.07+0.08. The 
details of the analysis follow. 

The hyperon polarization vector P(é) in the 
hyperon rest frame is given by specifying its 
three components P;(@) with regard to a right- 
handed orthogonal coordinate system consisting 
of two axes, No. 1 and No. 2, lying in the pro- 
duction plane, and an axis No. 3 perpendicular 
to the production plane, in the direction of P, 
xP A 

The choice of direction for axis No. 1 is some- 
what arbitrary. If all the production occurred at 
a single angle 6 (@ is the c.m. production angle 
of the hyperon with respect to the incident pion), 
this choice would be immaterial in determining 
the magnitude (P,? + P,)2 of the polarization 
component in the production plane. Similarly, a 
plot of |P,?(8) + P,?(@) j2 vs @ is, of course, in- 
variant against this choice. We will first con- 
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sider this magnitude, before considering partic. 
ular orientations of axis No. 1. 

We divide the production angle @ into six equal 
histogram intervals in cos@. The three average 
polarization components in each interval are 
given by 


Nie), 
a, (@)= aP, (8) =[3/M@) p> n, (6) 
j= 


+[(3-4,2)/M(0), 


where k is 1, 2, 3, and where m,(6) is the direc- 
tion cosine of the jth hyperon’s decay pion along 
axis No. k, in the hyperon rest frame. (The 
magnitude of a, as determined from these same 
events, lies between 0.73 +0.14°® and 1.0.) 

We wish to test the hypothesis that parity is 
conserved in Reaction (1). Then the expectation 
values for the decay asymmetry components in 
the production plane are (a,) = (@,) = 0+02, 
where o = 3/N(@) is the mean square deviation in 
ap due to statistical fluctuations. If a, and a, 
are normally distributed about zero, then for the 
magnitude a(@) = + |a,?(@) + a,2(6)|2 the probabil- 
ity distribution is 


P(a) da = exp (-a@/20) (ada/o), 


so that, from statistical fluctuations alone, we 
have 


(a) = [(n/2)0]?, (a*)= 20, and [((a- (a))*) 
= [(2-1/2)0)2. 
In Fig. 1, we plot 
a(@) - [(n/2)o]2 + [(2-1/2)o |? vs 8. 


It is evident from Fig. 1 that there is no indica- 
tion of a statistically significant real effect. To 
express this numerically, we perform a ,’ test 
on the hypothesis that a,(@) = a,(@) = 0, and 
apply it to the six histogram intervals plotted. 
We obtain x? = 14.1, with 2x6 = 12 degrees of 
freedom.® The probability for x? > 14.1 is 0.30. 
That is, the data give an excellent fit to the 
hypothesis that parity is conserved in associated 
production. Since a(@) is invariant, a real ef- 
fect cannot have escaped detection by an unlucky 
choice of coordinate systems. 

We now make particular choices for axis No. 
1 and average the polarization vector over §, 
the production angle for the hyperon. At least 
three interesting directions suggest themselves. 








They are illustrated in Fig. 2.'° With a real 
parity-nonconservation effect, one of these sys 
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FIG. 1. Magnitude of the A decay asymmetry in the 


production plane, minus [37/2N(6)]2, the mean value 
expected from statistical fluctuations alone, plotted 
versus 6, the hyperon c.m. production angle. The 
plotted errors are the rms fluctuations +[(2-1/2)3/ 
N(6)]?. 


tems might be expected to be “preferred” in the 
sense that the polarization in the production 
plane would not cancel vectorially in averaging 
over 6. 

The results are summarized in Table I. No 
statistically significant average polarization in 
the production plane is apparent in any of the 
coordinate systems."' (This result was, of 
course, guaranteed by the negative result from 
the preceding “coordinate-invariant” analysis.) 

We now adopt the hypothesis that parity is not 
conserved in production in order to determine 
an upper limit to the parity-nonconserving am- 
plitude. In the notation of Drell et al.* and Lee 
et al.,° the production matrix element (M.E.) 


Table I. 


aP,, 2,3 are (3/236 


Polarization components averaged over hyperon c.m. production angle. 
is a unit vector in _ direction P(r incident) x P(hyperon). 
) 











a6 


lab c.m. 


FIG. 2. Mnemonic (nonrelativistic) diagram in 
velocity space. 7, A, and i are unit vectors, refer- 
ring to the direction of the incident 7 with respect to 
the center of mass, the A with regard to the labora- 
tory frame, and the A with regard to the c.m., all as 
seen in the A rest frame. See also reference 9. 


may be written 
M.E. = a + bcos + icsindG*n+do°7, 


where d is the parity-nonconserving amplitude. 
Then, in the “7-c.m.” coordinate system (Fig. 
2 and Table I), we have 


1(6)P,,(8) = 2Imc* (a + bcos 6) siné, 

1(6)P,(8) = 2Red*(a + bcos6), 

1(8)P,(@) =2Red*c siné, 

1(6) = !a + bcos @ |? + | csindl? + Id/?. 
After averaging over 6 we have 


(IB,) = (1/2) Imc*a, (3) 
(IP) = 2Red*a, (4) 
(IP,) = (1/2)Red*c, (5) 
T = lal? +1b1?/3 +21 cl?/3. (6) 


Since P, is observed to be large, c and a must 
both be nonzero, and their phase difference can- 
not be 0° or 180°. Therefore, P, and P, cannot 


both vanish, unless |d| is 0. 


If we eliminate the phase of d from Eqs. (3), 


Here n 
The standard deviations on all 


0.113. Prob. (x;,.?)=exp{ -[a? P 2+a2P, 2] 236/6}= the probability 


of getting ay2 as large as or larger than that observed, if the true values are P= #s =0. 











Coord. Axis Axis Axis . oie _ 

system No. 3 No, 1 No, 2 aP, aP, aP, Prob. (x, , 7) 
™c.m n i nx 0.55 -0.13 +0.15 0.21 
A-c.m. i a hx 0.55 + 0.087 + 0.068 0. 62 
A -lab n A ii xA 0.55 -0.046 +0.18 0.26 
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(4), and (5) and insert our results from Table I, 
we obtain 


id|?/\al? ={P,? + [(1/4) | c/a! P, |? -2coso 
x (1/4) |c/a| P,P,}/P,? 


= 0.0744 +0.0344 !c/a!? 
+ 0.101 cos ¢!c/al, 


where ¢ is the phase of a relative to c. 

Because of the result that |d! is small, it 
turns out that the inclusion of d does not sub- 
stantially change the solutions for a, 6, and c 
obtained by setting d= 0. There are several 
such solutions.* The one that yields the largest 
value for |d! has !c/a! = 1.42, d = 46°, to give 
\d\*/\al? = 0.24 + 0.27. 

In terms of integrated cross sections, we find® 


o(S wave) /o(Total) 
= |al?/[\a|?+|b|?/3+2 |c|?/3]=0.28 40.16, 


so that 
o(Parity not conserved) /co (Total)= 0.07 + 0.08. 


We wish to thank Luis W. Alvarez for his con- 
tinued interest and guidance. 





*Work done under the auspices of the U. S. Atomic 
Energy Commission. 

T This work was reported at the 1958 Annual Inter- 
national Conference on High-Energy Physics, at 
CERN. 
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berger, Bassi. Borelli, Puppi, Tanaka, Woloschek, 
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Wilkinson, Phys. Rev. 109, 1603 (1958). 

4V. G. Soloviev, Joint Institute for Nuclear Re- 
search, U.S.S.R., Report P-147, 1958 (unpublished). 

5 Drell, Frautschi, and Lockett (to be published). 

6 For instance, strangeness conservation forbids the 
exchange of a single K meson between two nucleons. 
On the other hand, the (allowed) exchange of two K 
mesons should lead to comparatively short-range 
forces, which might play only a small role in low- 
energy nuclear forces. Further, under the suggestive 
hypothesis that PC invariance holds for the strong 
interactions (as it seems to for the weak), then for 
pion-nucleon forces charge independence (C/) implies 
C invariance and hence P invariance. But in the 


nucleon-hyperon-K meson interaction, CI does not 
imply C invariance, since the (K* , K® ) doublet is 
distinct from its C conjugate doublet (K , R°). Thus 
the combination C/ plus CP invariance does not imply 
F invariance for strange particles. 5 
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' This is true only if Reaction (1) does not proceed 
through parity-doublet formation. There are at pre- 
sent no theoretical or experimental reasons for 
believing that parity doublets exist. 
Eisler, Plano, Samios, Schwartz, and Steinberger, 
Phys. Rev. 107, 324 (1957). 

8 Results of analysis of the same 236 events, pre- 
sented at the 1958 Annual International Conference on 
High-Energy Physics at CERN, and to be published. 
The analysis assumes A spin 4, parity conservation 
in the production, and s and p waves only in the KA 
system. The notation is that of Lee, Steinberger, 
Feinberg, Kabir, and Yang, Phys. Rev. 106, 1367 
(1957). 

® The xy? test applies only to normally distributed 
variables, i.e., to@, anda@,, not to a= (a,?+ a,) , 
Then 6 


x=) la,*i)+ 429) NGA 
j=l 
= (1/3) [94(0. 131)?+ 56(0. 292)?+ 4140. 662)? 
+ 20(0. 623)2+ 17(0. 514)? + 9(0. 787)2] 


=14.1. 

10 Figure 2 is mnemonic only, because of the non- 
linearity of velocity addition in the Lorentz transfor- 
mation (LT). The unit vectors 7, A, and X are ob- 
tained by transforming measured laboratory-system 
quantities first to the c.m., then to the A frame. 
Because of the LT nonlinearity, these differ by a 
(small) rotation from the corresponding directions 
obtained by transforming directly from the lab frame 
to the A frame. See, for instance, Henry Stapp, 
University of California Radiation Laboratory Report 
UCRL-8096, December 1957 (unpublished). 

11Qne can compare our @P (A-lab) = - 0.046 0.11 
with results of numerous cosmic-ray and Cosmotron 
cloud chamber observations on A decays from A’s 
produced in complex nuclei. These experiments have 
indicated a front-back decay asymmetry with regard 
to the A line of flight. [See, for instance, Blumenfeld, 
Chinowsky, and Lederman, Nuovo cimento 8, 296 
(1958), and references given by them.] These ex- 
periments are not conclusive. Although all experi- 
ments agree on the sign of the effect, it is of doubtful 
validity to combine the cosmic-ray and Cosmotron 
statistics, since the production mechanisms differ, 
and presumably could lead to opposite polarizations. 





K* MESON-NUCLEON SCATTERING PHASE 
SHIFT ANALYSIS* 


O. R. Price, D. H. Stork and H. K. Ticho 
University of California at Los Angeles, 
Los Angeles, California 
(Received August 20, 1958) 


Nuclear emulsion data on K*-meson inter- 
actions have recently been analyzed in terms of 
K*-meson real scattering amplitudes.’ We feel 
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that a detailed phase-shift analysis that makes 
full use of the diffuse-surface optical-model ap- 
proach and takes proper account of the effect of 
double scattering is warranted. This note con- 
cerns such an analysis of 125-Mev K*-meson 
interaction data obtained at UCLA.’ 

The phase-shift analysis was carried out under 
the assumptions (a) that the K* meson interacts 
with nucleons according to one of the following 
modes: 

1. K°+ p~K*+p, 
2. K* +n~Kt+n, 
3. K* +n~ K°+ p; 


(b) that the conservation of isobaric spin applies; 
(c) that only S and P waves need be considered 
for a value of p/fic =0.41 in the K* meson-nucleon 
center-of-mass system; and (d) that a significant 
P-wave contribution, recognizable by a p* momen- 
tum dependence of phase shifts, is not present in 
the T=1 state since reaction 1, occurring on free 
protons, is found to be both isotropic in angle and 
independent of energy within experimental errors.* 
K* meson-nucleon scattering is then described 
by four phase shifts 5,,, 59, 59,, and 5,,, where 
the first subscript is the isobaric spin and the 
second is 0 for S states and 2J for P states. 
In order to prepare the data for a y? fit to the 
phase shifts the following procedures were 
carried out. 


(a) The diffuse-surface optical model was 
used* to obtain the complex nuclear potential 
(V+ iW) from the measured values of the total 
inelastic cross section and the differential elas- 
tic cross section. The small number of inelas- 
tic events which satisfied the experimental 
criteria for elastic events were evaluated by 
means of the inelastic distribution as described 
below. The results are V=+23+4 Mev and W 
= 9,74 1.3 Mev for nuclei characterized by a 
Saxon potential with R=1.07A"* f, a =0.57 f 
[| {(fermi)=10~%cm]. The mean Coulomb poten- 
tial is 11 Mev and our phase-shift analysis thus 
applies to 91-Mev K* mesons colliding with free 


nucleons. 


(b) The experimentally observed fraction 
f=0.16820.026 of charge exchanges among all 
inelastic scatters was obtained by combining the 
UCLA data with those of Lannutti in the appro- 
priate energy interval. 


(c) The distribution in laboratory angle and 
‘nergy of inelastically scattered K+ mesons was 
analyzed in terms of parameters B/A and C/A, 
where do/dQ=A+B cos@ + C cos@ is the diff- 





erential cross section for a single or first scatter 
averaged over reactions 1 and 2. The nucleon 
momentum distribution was described by the 
degenerate gas model with maximum energy 
Tp=25 Mev. The laboratory distribution for 
single scatters was determined for given B/A 

and C/A by a geometric folding technique which 
included the effect of the exclusion principle. 

The distribution and proportion of double scatters 
was determined by Monte Carlo methods. A 
first-approximation set of phase shifts (with the 
usual momentum dependence and the Sternheimer 
factor® included) was used to obtain the mean 
free path as a function of momentum after the 
first scatter. An isotropic distribution was 
assumed for the second scatter. The inelastic 
events were grouped in four regions on a plot 

of fractional energy loss AT /T; versus labora- 
tory angle 9jap with the region AT/T; <0.2, 6,4 

< 70° excluded, and ay’* test was made for various 
B/A and C/A. The double scattering (between 
25% and 31% over the explored region) had the 
effect of shifting the best fit B/A from -0.7 
(double scattering neglected) to a small positive 
value (double scattering included). 

B/A and C/A are readily expressed in terms 
of the phase shifts; thus the x2 contribution from 
the inelastic events is obtained for any set of 
phase shifts. 

Multiple-scattering theory relates® the real 
potential V directly to the real part of the scat- 
tering amplitude averaged over reactions 1 and 
2. The two-nucleon correlation factor was taken 
to be unity. The imaginary potential is related 
by multiple-scattering theory to the total cross 
section per bound nucleon averaged over re- 
actions 1, 2, and 3. We obtain o=(11.5+1.5)mb. 
For the two-nucleon correlation correction 
factor the Sternheimer calculation’ for Tp=25 
Mev was evaluated for the angular dependence 
appropriate to each cross section. The cross 
sections, Sternheimer factors, and forward 
scattering amplitudes are thus readily expressed 
as a function of the phase shifts. 

The fraction F of charge exchange events 
(reaction 3) among all inelastic events (reactions 
1, 2, 3) may also be expressed in terms of the 
phase shifts. For comparison with the observed 
ratio f, a correction factor ¢ for double scatter- 
ing must be applied to F. ¢ was evaluated in 
terms of the phase shifts with the momentum 
dependence of the mean free path and of the 
charge exchange fraction for second scatters 
included. ¢ ranged from 1.00 to 1.27 inthe ex- 
plored region. 
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The magnitude of the phase shift 5,, was ob- 
tained directly from a world-wide survey’ of 
the free hydrogen cross section o, =(14.4+1.7) mb, 


519 = -20.2° + 1.2° 


The negative sign was taken since no reason- 
able solution could be found for positive 6,,. 
The remaining three T=0 phase shifts were 
fitted to the experimentally derived quantities 
V and f and to the inelastic distribution by means 
of a y2 test. The result is illustrated in Fig. 1 
where contours of 10% probability are plotted in 
the 5,,, 59, plane for 2.5° intervals in 6,,. Two 
good-fit regions are evident and the minimum 
x2 solutions are tabulated below with their pro- 
bability. 
Solution | 
A -6° +17° -0.5° 
B -7.5° -5° +11° 


x? probability 
40% 
28% 


The above analysis is consistently based on 
the radius parameter R=1.07A”? f of the Saxon 
potential. If this is changed to R =1.20A!“ f, 
there results a slight decrease in double scatter- 
ing, a decrease in op approximately in proportion 
to the change in R, and a value V= (+14+3)Mev. 
The two phase-shift solutions then coalesce, the 
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FIG. 1. T =0 phase-shift solutions obtained from 
x2 test — contours of constant 10% ? probability are 
are shown. 
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best fit being near 6,, =-3°, 5,,=+9°, and 5,,=+9°, 
This latter solution is in good agreement with 
that of Grilli et al.? 





* Supported in part by a program of the U. S. Atomic 
Energy Commission. 
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QUADRUPOLE MOMENT OF Net 


G. M. Grosof, P. Buck,* W. Lichten, 
and I. I. Rabi 
Department of Physics, Columbia University, 
New York, New York 
(Received August 20, 1958) 


The hyperfine-structure intervals in the me- 
tasable (2p)°(3s ),°P, state of Ne” have been 
measured by the atomic-beam resonance metho. 
The apparatus is the same as that used in the 
experimental determination of the spin’ of Ne”, 
although extensive modifications were necessary 
to obtain an adequate signal-to-noise ratio. 

A beam of neutral neon atoms in the (2p)°,'S, 
ground state emerging from a source slit was 
bombarded transversely by a beam of electrons 
and was thus excited to the metastable (2p)°(3s), 
3P, state. The inhomogeneous deflecting fields 
were so arranged as to focus all atoms ontoa 
stop-wire in the detector plane. Those atoms 
that underwent a transition in the C field re- 
sulting in a change in their high-field magnetic 
moments were “flopped-out” and detected by 
secondary electron emission on a broad Ni plate 
placed behind the stop-wire. The output current 
was fed into a conventional electrometer tube 
circuit plus galvanometer. 

In the *P, state, the three hyperfine level se- 
parations are given by 








(7/2)a+(7/8)b for F=7/2to F =5/2, 
(5/2)a-(5/8)b for F=5/2to F =3/2, 
(3/2)a-(7/8)b for F=3/2to F =1/2. 
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All transitions AF=+1, Am F=+1,0 accompan- 
ied by a change in high-field magnetic moment 
were observed and individually resolved, per- 
mitting the unambiguous assignment of the zero 
field lines as follows: 


F=7/2to F =5/2, 1034.48+0.10 Mc/sec; 
F=5/2to F =3/2, 599.44+0.10 Mc/sec; 


F =3/2to F=1/2, 303.93+0.10 Mc/sec. 


Assuming the hyperfine structure to be invert- 
ed, because the nuclear magnetic moment? is 
negative, the interaction constants a and } which 
fit the data to within the experimental error are 
then 


a = -267.68 + 0.03 Mc/sec, 
b = -111.55 +0.10 Mc/sec. 


The total zero-field hyperfine splitting of the 
‘p, state optically measured by Rasmussen* to 
be 0.06 cm™ (1800 Mc/sec) agrees well with our 
value of 1938 Mc/sec. 

The total magnetic dipole interaction arises 
from the interaction of the 3s electron plus the 
interaction of the (2p)°,?P,,. “hole” with nucleus, 


a =(1/4)a,+ (3/A)a,. (1) 


The quadrupole interaction arises only from the 
interaction of the *P, ,, “hole” with the nucleus, 


b = b(2p*, *P, 2). (2) 


The value of (1/*), used in estimating the 
quadrupole moment was obtained by substituting 
in Eq. (1) the observed a and the value fora, 
calculated from the Fermi-Segre formula. 

The quadrupole moment is ( +0.09340.010) 
x10-*cm?, where the major source of error is 
taken to be in the value for(1/r*), The Stern- 
heimer correction, as well as the relativistic 
correction factors have been ignored. 

The original motivation for this experiment 
was the comparison of the quadrupole moment 
of the “almost” mirror nuclei Ne”! and Na”. 

The quadrupole moment of Na”* was found‘ to 

be (+0.100 + 0.011) x107*cm?, It is interesting 
that, within the experimental error, the quadru- 
pole moments of Ne”! and Na” are identical. 

The authors wish to thank K. Clusius of the 
Physikalisch-chemisches Institut of Ziirich for 
the gift of the original Ne”!-enriched gas sample. 
We are also grateful to J. T. Latourette of Har- 
vard University for sharing his enriched gas 
sample with us. We thank Professor P. Kusch, 
Professor H. Foley, Professor V. Hughes, and 
Professor C. Schwartz for helpful discussions. 





Full details of the experiment will be published 
in the Physical Review. 





TWork supported in part by the Office of Naval Re- 
search. 

*Now at General Electric Company, Knolls Labor-_ 
atory, Schenectady, New York. 
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DISCOVERY OF A NEW MENDELEVIUM 
ISOTOPE 


L. Phillips, R. Gatti, A. Chesne, * 
L. Muga, and S. Thompson 
Radiation Laboratory and Department of Chemistry, 
University of California, 
Berkeley, California 
(Received August 21, 1958) 


Helium ion bombardments of E”** have resulted 
in the identification of a new isotope of mendele- 
vium (element 101) with mass number 255. The 
isotope decays by orbital electron capture to 
Fm***, with a half-life of approximately 1/2 
hour. The daughter isotope was identified by its 
alpha energy (7.08 Mev) and half-life (21.5 
hours). Mendelevium-255 may also decay by 
alpha branching with an energy of 7.34 Mev, but 
the evidence for this is not conclusive. 

Bombardments were carried out at the 60- 
inch cyclotron at Crocker Laboratory using a 
modified version of the target probe previously 
described.? Helium ion energies of 24, 29, 36, 
and 42 Mev were obtained with intensities of the 
order of 5 microamperes on a target area of 
0.07cm?. Approximately 2 x10? atoms of E?** 
were electroplated on the target area of a 1.0- 
mil gold foil. During the course of the experi- 
ments, the amount of einsteinium decayed toa 
value of 3 x 10' atoms. The transmuted nuclei 
were caught on a catcher foil adjacent to the 
target area using standard recoil techniques.* 
To determine the recoil and chemical yield, a 
known amount of Cm*“ was included in the 
target so that the Cf*** and Cf**® produced by 
the helium ion beam would serve as a monitor.‘ 

The earliest experiments were confined toa 
search for short-lived alpha-emitting isotopes 
of mendelevium. Two methods were used to ob- 
tain the actinide fraction. In the first method, 
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a gold catcher foil (0.2 mgm’) was dissolved 

in aqua regia, and the gold was removed by 
passing the solution (in 2M HCl ) through a 
Dowex-1 anion resin column. In the second 
method, the recoil nuclei were caught on a thin 
Mylar film (0.5 mg/cm?) which subsequently was 
placed on a platinum plate and ignited to destroy 
the organic matter. The sample was transferred 
to a 50-channel alpha pulse-height analyzer for 
observation of the alpha groups. 

In the investigation for longer lived isotopes, 
the gold catcher foil was dissolved and the gold 
removed as described above. The actinide 
fraction was evaporated to dryness, redissolved 
in 0.05 M HCl and sorbed on a Dowex-50 (12% 
cross-linked) cation resin column. The actinides 
were then eluted in sequence with 0.25M am- 
monium alpha-hydroxyisobutyrate solution (pH 
=4.68). The mendelevium and fermium elution 
positions were internally calibrated by adding 
thulium and yttrium tracers. A 7.08-Mev alpha 
group, decaying with a half-life of 21 hours, 
was observed in the mendelevium and fermium 
fractions. In order to establish that the 7.08- 
Mev alpha group in the mendelevium fraction 
was due to electron capture decay from mendele- 
vium, the mendelevium fraction was transferred 
to a second cation column and again separated 
into mendelevium and fermium fractions. The 
7.08-Mev alpha group was observed in both new 
fractions. It was concluded that in the time in- 
terval between cation columns, Fm*®* grew in 
as a result of the electron-capture decay of 
Mv**’. A half-life of the order of 1/2 hour was 
estimated for the electron capture decay of 
Mv***. Ina parallel determination, the obser- 


Table I. Summary of helium ion bombardments of E?53, 





———_ 


vations of spontaneous fission events from Fm** 
in the mendelevium and fermium fractions con- 
firmed the decay of Mv* by electron capture. 
Approximately 100 times as many fission events 
were seen in one experiment as compared to 
the number previously reported.® A revised 
half-life of 1.5 hours was measured for the 
electron capture decay of Mv”. 

A 7.34-Mev alpha group, decaying with a half- 
life of approximately { hours, was observed in 
only the mendelevium fraction. This alpha group 
appeared in low intensities at all bombardment 
energies and was therefore interpreted as poss- 
ibly being due to alpha-decay branching of Mv** 
(Table I). 

The cross sections for the formation of Mv?* 
and Mv**® at the various helium ion energies are 
given in Table I. Included also. are the overall 
formation cross sections of Fm***, Fm55, and 
Fm?*™, uncorrected for possible contribution for 
the electron capture decay of the mendelevium 
isotopes. A revised spontaneous fission half- 
life of 160410 minutes is reported for Fm**® 
(Fig. 1). 

Eighteen separate experiments were done in 
this series of bombardments. The observable 
half-life range for an alpha-emitting isotope of 
medelevium, formed with 1 millibarn cross 
section, was approximately 5 minutes to 1.5 
months. 

We would like to give our thanks to the Chem- 
istry Division Instrumentation Group for their 
aid with the electronic counting equipment. We 
should also like to thank the crew of the Crocker 
Laboratory 60-inch cyclotron for the dependable 
service encountered during our bombardments. 





Cross section 





Isotope Mode of decay Half-life 24 Mev 29 Mev 36 Mev 42 Mev 

My**6 Electron 
capture ~1.Shr ~0.1 mb ~1 mb ~1 mb ~1 mb 

Mv**5 Electron 
capture ~1/2 hr b ~1 mb ~1 mb ~1 mb 
7.34-Mev a@ ~3/4hr b ~0.2 mb ~0.2 mb ~ 0.2 mb 

Fm*”® Spontaneous 

fission 160 + 10 min ~ 0.1 mb ~1 mb ~1 mbe ~1 mb° 
Fm?*5 7. 08-Mev a? 21.5 hr? ~0.4 mb& ~4 mb° ~6 mb° ~6 mb° 
Fm**4 7. 20-Mev a4 3.24 hr® b ~0.5 mb ~10 mb© = ~10 mb® 


















®Reference 1. 
Activity insufficient for calculation of cross section. 
© These are over-all cross sections. 
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DECAY OF A NEGATIVE 1’ MESON* 


S.C. Freden, F. C. Gilbert, and R. S. White 
Radiation Laboratory, 
University of California, 
Livermore, California. 
(Received August 29, 1958) 


In a systematic study of negative K-meson de- 
cays and interactions in flight, an example of the 
7’ mode of decay has been observed. A photo- 
micrograph of this decay, event 1320, is shown 






in Fig. 1. From the known momenta of the in- 
cident particles and the position of the decay 
point in the stack the energy of the K” meson at 
decay was determined to be 105410 Mev. Ioniza - 
tion measurements on the K” meson track at the 
decay point are in agreement with this value. 
Track A isa 7~ or » meson as determined from 
ionization versus range and from its character- 
istic scattering along the track. However, the 
three-prong star at its end strongly favors iden- 
tification as am~ meson. The energy of this 
meson, if a7, as determined from its range, is 
19.5 Mev. The laboratory angle between the in 
cident K~-meson direction and the out-going 
light meson is 42 deg. If this event were a K>, 
decay, the 7” meson emitted at 42 deg would 
have an energy of 190 Mev. Thus the K 7, decay 
mode is ruled out. 

Prongs B and C have ionizations of 0.97+ 0.10 
and 0.93 +0.10 times plateau, respectively. Mul - 
tiple scattering versus ionization identifies these 
as electrons with p8 equal to 102+20 and 52413 
Mev/c, respectively. The opening angle of the 
electron pair is 17 deg. The total momentum 
vector of the electron pair makes an angle of 
65 deg with the K~-meson direction. 

In order to establish this event as an example 
of the tT’ decay mode of the K” meson, 








Ky, (7’) +17 + 1°+7° 


l. “oes Y; 

it is necessary to rule out other decay modes as 
well as a K~ capture in flight. The kinematics 
and the presence of the charged 7 (.) meson and 
the 7° meson, as evidenced by the high-energy 
electron pair, immediately rule out all decays 
except the 7’ and K ps 

The permitted processes and the ratios of 
their expected frequencies are listed in column 
1 of Table I. The expected numbers of events 
having a single 7~ (u~) meson with no accom- 
panying blobs, slow electrons or recoils are 
given in column 2. For the decay processes 
these numbers are the branching ratios of K* 
mesons! times the number of K™ decays in flight 
which we have observed. For the K” captures 
in flight the number has been obtained in the 
following way. We have seen 2 nondecay-like 7 
meson events (7 meson plus blob, slow electron, 
or recoil but no other prongs) in 250 K™ inter- 
actions in flight. About 75% of the single-7 
events from K™ captures at rest are nondecay- 
like. Taking the same ratio of decay-like to 
nondecay-like single-7 events among the inter- 
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FIG. 1. Photomicrograph 
of the decay of a negative 
tT’ meson (event 1320). 


Ky ~(1’ > + 1°+n® 


+ - 
ete +y. 


actions in flight yields about one decay-like 7 
event. The probability of seeing a three-prong 
star at the ending of a 7 (y~) meson ”° ap- 
pears in column 3. In column 4 are the pro- 
babilities of seeing a high-energy electron pair 
in combination with a 7 (u~) meson.* The num- 
ber listed for K~ interactions in flight comes 


from the fact that we have not seen a high-energy 


electron pair in combination with a 7in over 


3000 K~ captures at rest although three examples 


of such pairs where no 7 was emitted have been 
observed. The expected numbers of 7’ decays, 
K~ interactions in flight, and K,, decays which 
have the characteristics of this event are listed 


in column 5. It can be seen that the identification 


of event 1320 as the 7’ mode of decay of the K™ 
meson is favored over the K~ interaction in 
flight by a factor of at least 40, and is favored 
over the K,,, mode by a factor of at least 190. 
Previous examples of the 7’ mode of decay of 


the K~ meson have been reported®; however, due 


to the absence of electron pairs it is evident 
from Table I that those events have about equal 


————__ 





probabilities of being A~ interactions in flight. 
Similar decays of positive 7’ mesons each yield- 
ing a 7* meson and an electron pair have also 
been observed.® 





* This work was done under the auspices of the U. §. 
Atomic Energy Commission. 

1M. Gell-Mann and A. Rosenfeld, Annual Review of 
Nuclear Science (Annual Reviews, Inc., Palo Alto, 
1957), Vol. 7, p. 457. 

2H. Morinaga and W. F. Fry, Nuovo cimento 10, 
308 (1953) . 

3G. Brown and I. S. Hughes, Phil. Mag. 2, 777 
(1957). 

4R. H. Dalitz, Proc. Phys. Soc. (London) A64, 
667 (1951); Lindenfeld, Sachs, and Steinberger, Phys. 
Rev. 89, 531 (1953). 

5W. H. Barkas, Proceedings of the Seventh Annual 











Rochester Conference on High-Energy Nuclear Physics, 





1957 (Interscience Publishers, Inc., New York, 1957), 
Chap. VIII, p. 30; S. Nilsson, Nuclear Phys. 3, 364 
(1957). 

®R. Levi-Setti and W. Slater, Nuovo cimento 5, 17% 
(1957); Harris, Orear, and Taylor, Phys. Rev. 106, 
327 (1957). 


Table I. Expected numbers for K~ decays and K” captures in flights. 





Expected numbers 


Probability of 


Probability of 


electron pair in Expected numbers 





of decay-like 3-prong star combination of events 
Process events from 1 (u~) with 7 (u~) of this type 
Tt’ decay 0.5 0.15 0.025 1.9 x 1073 
K~ capture in flight 1 0.15 <3 x 1074 <4.5 x 107° 
Ky; decay 1 <8 x 10 0. 012 <9.6 x 107% 
.. TT decay 
“ate K capture 
in flight 0.5 1 >80 >40 
Ratio — decay 
Ky3" decay 0.5 >190 2 >190 
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ABSTRACTS 





In this section are printed the abstracts of Articles that have 
heen forwarded to The American Institute of Physics for publi- 
cation in THE PHYSICAL REVIEW, In quoting information 
obtained from this section before the appearance of the corre- 
sponding Article, reference should be made to “Physical Review 
(to be published)” rather than to this Journal. 








STUDY OF REACTOR-IRRADIATED a-Al,O,. 

j. J. Antal, Ordnance Materials Research 
Office, Watertown, Massachusetts, and Brook- 
haven National Laboratory, Upton, New York, 
and A. N. Goland, Brookhaven National Labor- 


atory, Upton, New York (Received May 28, 1958). 


Studies are presented here on reactor-irradiat- 
ed alpha aluminum-oxide single crystals. These 
are a continuation of the use of long-wavelength 
neutron transmission for determining the con- 
centration :nd types of defects produced in solids 
by high-energy particle irradiation. The mater- 
ial exhibited crystallographic stability to fast 
neutron irradiation at temperatures <40°C, and 
the results indicate a total number of defects 
approximately 40 times less than that predicted 
by current theories. Correlation with macro - 
scopic density changes is good. Examination of 
the wavelength dependence of the neutron scatter- 
ing indicated that the damage may be partly Al-O 
vacancy pairs at room temperature. Annealing 
of the material produced no decrease in the con- 
centration of defects from room temperature to 
400°C, a steady decrease from 400°C to 1250°C, 
and nonuniform changes in neutron scattering 
and visually observable optical coloring beyond 
1250°C. Annealing at a temperature of 1800°C 
did not remove the coloring although the density 
returned to its pre-irradiation value. 


LOW TEMPERATURE INFLUENCE ON THE 
TECHNETIUM -99m LIFETIME. Don H. Byers’ 
and Robert Stump, University of Kansas, Law - 
rence, Kansas (Received June 2, 1958). 


The rate of decay of a nuclear isomer has been 
demonstrated to be influenced by its electronic 
environment. This effect has been utilized to 
detect environmental changes of Tc” in its 
metallic lattice at low temperatures. The effect 
of low temperature on the decay constant of the 
Tc*™ in technetium metal was measured. Meas- 
wements were made at 77°K and 4.2°K. Since 
the metal is superconducting at 4.2°K , a meas- 






urement was made at 4.2°K ina magnetic field 
sufficient to destroy superconductivity. Results 
of the experiments indicate a negligible change 
in the decay constant for the metal at 77°K , 
whereas a noticeable change in the decay con- 
stant was observed for the superconducting metal 
at 4.2°K: 


A(4.2°K superconducting) -A(293°K) 
=(6.4 + 0.4) x107* (293°). 


Measurements on the low-temperature normal- 
state metal indicate a gross removal of this 
influence: 


d(4.2°K normal) -A(293°K) 
= (1.2 + 0.4) x107*A (293°K). 


* Now at Los Alamos Scientific Laboratory, Los 
Alamos, New Mexico. 


NEUTRON ACTIVATION CROSS SECTIONS AT 
25 kev. Rex Booth, William P. Ball, and 
Malcolm H. MacGregor, University of California 
Radiation Laboratory, Livermore, California 
(Received June 13, 1958). 


Neutron activation cross sections have been 
measured at 25 kev for 31 isotopes. An Sb-Be 
photoneutron source was used, and thermal acti- 
vations served to calibrate the beta- and gamma- 
detector efficiencies. The cross sections were 
measured relative to iodine. A comparison was 
made between measured cross sections and pre- 
dictions based on known low-energy resonance 
parameters. 


*Now at the Ramo-Wooldridge Corporation, Los 
Angeles, California. 


MAGNETOSTATIC MODES IN FERRIMAGNETIC 
SPHERES. J. F. Dillon, Jr., Bell Telephone 
Laboratories, Murray Hill, New Jersey (Re- 
ceived May 28, 1958). 


Ferrimagnetic resonance experiments (9000 
Mc/sec, 300°K) have been performed using 
single crystal spheres of yttrium iron garnet. 
Rf magnetic fields of several different configu- 
rations were used to excite specific magneto- 
static modes. A mounting techniqe was em- 
ployed such as to eliminate dielectric inhomo- 
geneities near the sample. Such inhomogene- 
ities arise from the usual quartz or sapphire 
mounting rods. They have been observed to 
be responsible for the excitation of more com- 
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plicated modes than would be expected from the 
unperturbed cavity fields. It has been found that 


supposedly spherical specimens produced by the 


usual tumbling procedures deviate slightly from 
true sphericity. In these experiments highly 
polished truly spherical samples were used. 
With these conditions there is no ambiguity 
about the identity of the mode representing the 
spatially uniform precession of the entire spin 
system. The spacings of the various modes do 
not vary with the crystal direction along which 
Hac is applied. These results contrast with 
those of White and Solt on manganese ferrite 
in several respects, viz.: the clear identity of 
the uniform precession and the constant mode 
spacing for the various crystal directions. 


THERMAL EXPANSION OF SOME CRYSTALS 
WITH THE DIAMOND STRUCTURE. D. F. 
Gibbons, Bell Telephone Laboratories, Incor - 
porated, Murray Hill, New Jersey (Received 
June 12, 1958). 


The linear coefficient of thermal expansion of 
silicon, germanium,and indium antimonide has 
been measured in the range 4.2°K-300°K by us- 
ing an interferometric method. In the case of 
silicon and germanium, these values are used 
to calculate the variation in Griineisen’s factor 
y with temperature and the result is compared 
with the predictions of Barron. Silicon and in- 
dium antimonide have negative values for y at 
low temperatures and some of the requirements 
for a structure to behave in this manner are 
suggested, namely, fourfold coordination in the 
lattice, covalent bonding, and openness of 
structure. 


MAGNETIZATION CURVES OF SUPERCON- 
DUCTIVE TIN ALLOYS. E. A. Lynton and B. 
Serin, Rutgers University, New Brunswick, 
New Jersey (Received June 12, 1958). 


We have supplemented a previous investiga- 
tion of flux trapping by obtaining the magnetiza- 
tion curves of very fine impure tin wires ina 
transverse external field. For annealed speci- 
mens (containing In, Bi, or Cd) in which the 
impurity is completely dissolved and homogene- 
ously distributed, we find that some flux is fro- 
zen-in in decreasing magnetic field when the 
external field equals half the critical value. 
However, this flux leaks out monotonically as 
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the field is further reduced, and none remains 
in zero field. In pure specimens virtually no 
flux trapping occurs. However, in a specimen 
containing more Cd than was completely soluble, 
considerable flux remains frozen-in even in 
zero field. These results confirm our previous 
inference that suitably prepared and annealed 
homogeneous alloy specimens are incapable of 
freezing-in appreciable amounts of magnetic 
flux. We further conclude that this is due to the 
fact that the flux which is initially trapped when 
the specimens begin to become superconducting 
readily leaks or migrates out, probably because 
of the tendency of lines of force to contract as 
suggested by Faber and Pippard. 


SUPERCONDUCTIVITY AND FERROMAGNET- 
ISM IN ISOMORPHOUS COMPOUNDS. B. T. 
Matthias and E. Corenzwit, Bell Telephone Lab- 
oratories, Murray Hill, New Jersey, and W. H. 
Zachariasen, Department of Physics, Univer- 
sity of Chicago, Chicago, Illinois (Received 
June 13, 1958). 


Isomorphous germanides of some of the rare 
earth metals are observed to become either 
ferromagnetic or superconducting. It is con- 
cluded that there is a close relationship between 
the two phenomena. 


MAGNETIC FIELD DEPENDENCE OF ULTRA- 
SONIC ATTENUATION IN METALS AT LOW 
TEMPERATURES. Sergio Rodriguez, Depart - 
ment of Physics, University of California, Ber- 
keley, California (Received June 5, 1958). 

A theory of the effect of a constant magnetic 
field on the behavior of ultrasonic attenuation 
in normal metals at low temperatures of the 
order of liquid helium temperatures is given. 
The ideas are of the same kind as those suggest- 
ed by Pippard to account for the attenuation in 
the absence of an external field. The different 
geometries are specified by the directions of 
three vectors, the wave vector g of the acoustic 
wave, the direction of polarization i,, and the 
external magnetic field a The analysis shows 
that, for a transverse wave polarized in the di- 
rection of H, (i.e., i, and H, are parallel and 
both are perpendicular to q), the attenuation de- 
creases as |H,|~? for large fields. When i, and 
H, are perpendicular and q is perpendicular to 
both, the attenuation increases as \H, |? for large 
\H, |. For a wave such that ii, and q are parallel 
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and H, is perpendicular to q, the attenuation in - 
creases asymptotically to a constant value as 
\i,| increases. The maxima and minima obtained 
experimentally by Morse and co-workers cannot 
be explained on this model. An absorption simil- 
ar to that occurring in cyclotron resonance ab- 
sorption is obtained in the attenuation of trans- 
verse waves (u, perpendicular to g) when H is 
parallel to q. 


SPECIFIC HEAT OF LiF AND KI AT LOW 
TEMPERATURES. William W. Scales, The Rice 
Institute, Houston, Texas (Received June 4, 
1958). 


The heat capacities of LiF and KI single crys- 
tals have been measured over the temperature 
range 2 - 7°K. An adiabatic calorimeter was 
employed making use of a mechanical contact 
“heat switch.” A carbon resistor embedded 
directly in the specimen was used as thermome- 
ter. For LiF the heat capacity was found to be 
proportional to the cube of the temperature over 
the whole range of temperatures investigated, 
and the value of 8, was found to be 722°K. For 
KI, variations from the T° dependence were 
found above 3°K. An extrapolation of a smooth 
curve through the data to zero degrees tempera- 
ture indicates a value of 6, = 128°K. These 
values of 6, are compared to values of 6, de- 
rived from elastic constants data. 


PHOTOEMISSIVE, PHOTOCONDUCTIVE, AND 
OPTICAL ABSORPTION STUDIES OF ALKALI - 
ANTIMONY COMPOUNDS. W. E. Spicer, RCA 
Laboratories, Princeton, N. J. (Received May 
29, 1958). 


By means of absorption and photoconductivity 
measurements, the following band gaps were 
found: Na,Sb - 1.1 ev; K,Sb - 1.1 ev; Rb,Sb - 1.0 
ev; Cs,Sb - 1.6 ev; and (NaK),Sb - 1.0 ev. A 
model has been derived for the photoemission 
from these materials which fits the last three 
materials listed above in addition to the (NaK),Sb 
with surface layers of Cs or Rb added. The 
electron affinities found from the photoemissive 
data using this model were as follows: Rb,Sb 
-1.2 ev; Cs,Sb - 0.45 ev; (NaK),Sb - 1.0 ev; 
[Rb](NaK),Sb - 0.70 ev; and |Cs|(NaK),Sb - 0.55 
ev. The electron affinity of K,Sb was estimated 
to be between 1.1 and 1.8 ev and that of Na,Sb 
to be between 2.0 and 2.4 ev. By means of the 














temperature dependence of the photoemission, 
Rb,Sb, Cs,Sb, and the multi-alkali materials 
were found to have p-type conductivity, whereas 
K,Sb and Na,Sb were found to have n -type con- 
ductivity. 


HALL MOBILITY OF CARRIERS IN IMPURE 
NONDEGENERATE SEMICONDUCTORS. M. S. 
Sodha*and P. C. Eastman, Department of Phy- 
sics, University of British Columbia, Vancouver, 
Canada (Received June 9, 1958). 


A discussion is given of the Hall mobility of 
nondegenerate semiconductors, taking into ac- 
count scattering by lattice vibrations, ionized 
impurities and neutral impurities. The study is 
confined to the case of low temperatures and 
high impurity concentrations, for which Sclar’s 
theory of ionized impurity scattering is valid. 


*Now at Combustion Research Laboratory, Armour 


‘Research Foundation, Chicago, Illinois. 


ELASTIC CONSTANTS OF POTASSIUM IODIDE 
AND POTASSIUM CHLORIDE. M. H. Norwood 
and C. V. Briscoe,* The Rice Institute, Houston, 
Texas (Received June 4, 1958). 


The sound velocities and elastic constants have 
been measured for pure single crystals of KI and 
KCl by the ultrasonic pulse technique over the 
temperature range from 4°K to 300°K. In KI, 

C,, =3.38, G,=0.22, cy, =0.368 in units of 10" 
dyne/cm? at 0°K according to our extrapolations 
from 80°K. In KCl, measurements of all three 
constants were made over the entire temperature 
range down to 4°K and their values at 0°K are 

Cy, = 4.83, c,, = 0.54, c,, = 0.663 in units of 

10" dyne/cm*. The Debye characteristic temper - 
ature, 6,, has been calculated from these very low- 
temperature values of the elastic constants to 

give 129%2°K for KI and 234°+1°K for KCl. The 
specific heats of KI, KCl, and KBr have been 
calculated in this paper by using a combination 

of a Debye and an Einstein term in the expression 
for the specific heat. These calculations indicate 
that the agreement between such a simple theory 
and experiment becomes better as the ratio of 
tonic radii and masses increases in these three 
salts. We point out that in the four alkali halides 
thus far studied in this laboratory, there is evi- 
dence that the Cauchy relation, c,,=q,, is satis- 
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fied at about 7=6,. No reason is offered for this 
coincidence. 


*Now at the University of North Carolina, Chapel 
Hill, North Carolina. 


THE MAGNETIC PROPERTIES OF TERBIUM 
METAL. W. C. Thoburn, S. Legvold and F. H. 
Spedding, Institute for Atomic Research and 
Department of Physics, Iowa State College, 
Ames, Iowa (Received June 2, 1958). 


Results of magnetic measurements on metal- 
lic terbium over the temperature range from 4° 
to 375°K and in fields ranging from 50 oersteds 
to 18000 oersteds are reported. The metal is 
found to have a paramagnetic Curie point of 
237°K. Tests with fields of from 50 to 800 oe 
indicate an order-to-disorder transition at ap- 
proximately 230°K which is evidently a Neel 
point. It appears that terbium has a weakly 
bound antiferromagnetic ordering for tempera- 
tures between 218° and 230°K, this ordering 
being gradually changed to ferromagnetic in 
fields exceeding 200 oe. Below 218°K the metal 
is ferromagnetic. The magneton numbers ob- 
tained from the paramagnetic susceptibility 
measurements and from the extrapolated ferro- 
magnetic saturation moment are in good agree- 
ment with values calculated for the free ion. 


THERMAL CONDUCTIVITY OF SELENIUM AT 
LOW TEMPERATURES. G. K. White, S. B. 
Woods, and M. T. Elford, Division of Pure 
Physics, National Research Council, Ottawa, 
Canada (Received June 9, 1958). 


Measurements are reported of the thermal con- 
ductivity of glassy selenium and polycrystalline 
metallic (hexagonal ) selenium at temperatures 
from 2° to above 100°K. At the higher tempera- 
tures, the heat conductivity, A, for the glassy 
solid is about 1 mw/cm deg. If we write A= 4/Cv, 
then], the mean free path, is of the order of the 
interatomic distance. On the other hand, for the 
high-purity metallic samples, A=5/T w/cm deg. 
At low temperatures in metallic selenium, A 
varies approximately as 7°, while in the glassy 
modification A behaves in a similar fashion to 
that expected from earlier observations on soft 
glass and Pyrex. 
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COLLISION CROSS SECTION AND ENERGY 
LOSS OF SLOW ELECTRONS IN HYDROGEN. 
G. Bekefi and Sanborn C. Brown, Department of 
Physics and Research Laboratory of Electronics, 
Massachusetts Institute of Technology, Cam- 
bridge, Massachusetts (Received June 9, 1958). 


Values for the collision cross section for mo- 
mentum transfer and the fractional energy lost 
by an electron on collision with a hydrogen mol- 
ecule were obtained from measurements of the 
microwave conductivity of a gaseous plasma. 
The experiments were made in the afterglow of 
a pulsed discharge in a cavity resonating at a 
wavelength of 10cm. The mean electron energy 
was varied from 0.04 ev (room temperature) to 
0.08 ev by heating the gas, and from 0.04 ev to 
1.6 ev by microwave agitation of the electrons 
alone. The collision probability in molecular 
hydrogen at electron energies in the neighbor- 
hood of 0.04 ev is found to be 28.5 (v/v,)°**(cm- 
mm Hg)"*+3%, where v is the electron velocity, 
and v, the most probable velocity at 300°K. 
Measurements in deuterium gas gave the same 
result. The collision probability in hydrogen 
increases to a peak value of 64 (em-mm Hg)" 
+7% at an electron energy of approximately 1.4 
ev. The energy loss of electrons near room 
temperature was found by comparing the con- 
ductivity measurements obtained by thermal 
agitation with those obtained by microwave agi- 
tation of the electrons. The fraction of the ex- 
cess electron energy lost on collision with the 
hydrogen molecule is (3.5+0.5) x10°°. In the 
higher energy range the loss and the collision 
probability were computed from a comparison 
between microwave conductivity measurements 
and electron drift velocity and diffusion experi- 
ments. 


PHOTODETACHMENT OF O,°. D. S. Burch, 
S. J. Smith, and L. M. Branscomb, Atomic 
Physics Section, National Bureau of Standards, 
Washington, D. C. (Received June 11, 1958). 


The cross section for photodetachment of 0,” 
has been measured for the range of photon ener- 
gies 0.5 to 3.0 ev. No onset energy is discov- 
ered in this range but analysis of the data gives 
an extrapolated threshold at 0.15+0.05 ev. The 
curve is found to rise gradually with increasing 
slope, reaching a value of 2.4x1071% cm? at 3.0 
ev photon energy. Comparison of the data with 
the predictions of threshold law theory and the 
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results of previous experiments results in an 
interpretation in terms of assumed potential 


curves for O, . 


THEORY OF THRESHOLD-ENERGY DEPEND- 
ENCE OF PHOTODETACHMENT OF DIATOMIC 
MOLECULAR NEGATIVE IONS. Sydney 
Geltman, Atomic Physics Section, National 
Bureau of Standards, Washington, D. C. (Re- 
ceived June 11, 1958). 


The energy dependence near zero energy of 
the continuum wave function of an electron in a 
molecular potential field is found by an iterative 
solution of the wave equation. This leads to 
shapes for the photodetachment cross section 
near threshold which are found to depend on 
whether the molecular ion is heteronuclear or 
homonuclear and on the u, g symmetry (for the 
homonuclear case) of the outer molecular 
orbital. The predicted energy dependences are 
found to be consistent with the available experi- 
mental data. 


ASYMPTOTIC SOLUTION OF THE THOMAS- 
FERMI EQUATION FOR LARGE ATOM RADIUS. 
J.J. Gilvarry, Research Laboratories, Allis- 
Chalmers Manufacturing Company, Milwaukee, 
Wisconsin, and N. H. March, Department of 
Physics, The University, Sheffield, England 
(Received May 29, 1958). 


The general form of the solution ¢ of the 
Thomas- Fermi equation in the limit of large 
atom radius 4, is determined as an asymptotic 
series valid for points x near the atom boundary, 
by a perturbation on the Sommerfeld inverse- 
cube form. This generalization of the Coulson- 
March solution yields the complete form of that 
part of the asymptotic solution which depends on 
disposable constants of integration (two in num- 
ber), The general terms of the series are de- 
termined explicity, and coefficients of leading 
terms are given numerically as ratios in terms 
of the disposable constants. The two constants 
of integration are fixed simultaneously, in gen- 
eral, by the requirement of continuity in value 
and slope of y with the result of a series solu- 
tion for small x, and by the boundary condition. 
The general method of obtaining the two con- 
stants of integration for a compressed atom as 
power series in an inverse power xp~ Ae of xb 


is outlined, where d, =4 (73-7); coefficients 

of leading terms are calculated by making use 

of numerical results of Kobayashi et al. The 
products x,° 9 where gp is the boundary value of 
y, and x"(9;'-9;, «’) where Yi'-Yi, o' is the dif- 
ference of the initial slope of yg from its value for: 
an isolated atom, are each represented as an 
asymptotic power series in xy for xp large. 
The two leading coefficients in the former series 
and the leading coefficient in the latter are de- 
termined numerically to relatively high accuracy 
and compared with values obtained by Gilvarry 
from the approximate solution of Sauvenier. The 
results are used to construct a fitted function 
for ~» in which only one of five terms appearing 
is evaluated empirically, and which reproduces 
accurate numerical values of y» from solutions 
of the Thomas-Fermi equation within 0.1 per- 
cent, in general. This accuracy exceeds by a 
factor of about ten that obtained previously by 
March and by Gilvarry with fitted functions con- 
taining three and two theoretical terms, respect- 
ively. The connection between the general 
asymptotic solution and previous approximate 
results is discussed. 


MEASUREMENT OF ATOMIC AND MOLECULAR 
EXCITATION BY A TRAPPED-ELECTRON 
METHOD. G. J. Schulz, Westinghouse Research 
Laboratories, Pittsburgh, Pennsylvania (Received 
June 5, 1958). 


A trapped-electron method is used to study 
inelastic processes in helium, mercury, and 
hydrogen. In this method, an electron beam 
traverses an electric and magnetic field con- 
figuration in which the low-energy electrons 
resulting from inelastic collisions are prevented 
from reaching the electron beam collector by 
a potential well. The low-energy electrons can 
reach a cylindrical collector surrounding the 
electron beam. The collection efficiency ap- 
pears to be close to unity for electrons in the 
range 0 to 0.1 electron volts and zero at higher 
energies. The design of the tube and applied po - 
tentials determine the range of collection. A com- 
plete spectrum of energy levels is obtained in 
He, Hg, H,, within the resolution of the instru- 
ment (better than 0.2 ev). The experiment yields 
approximate slopes of the resolved excitation 
functions near threshold. The method is well 
suited for a study of excitation events in mole- 
cules. 
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DIRECTIONAL CORRELATION OF GAMMA 
RAYS IN Ge™. R. G. Arns and M. L. Wieden- 
beck, Harrison M. Randall Laboratory of Phys- 
ics, University of Michigan, Ann Arbor, Michi- 
gan (Received June 2, 1958). 


Directional correlation measurements have 
been made on the 0.63 - 0.835 Mev, 2.20 - 0.835 
Mev, 2.49 and 2.51 - 0.835 Mev, and 1.88 - 1.46 
Mev gamma-gamma cascades in Ge™ following 
beta decay of 14.2-hour Ga™. The level at 0.835 
Mev has a spin and parity assignment of 2+ and 
proceeds to the 0+ ground state by pure electric 
quadrupole radiation. The 0.63-Mev transition 
proceeds from a 2+ level at 1.46 Mev to the 
0.835-Mev level by radiation which is largely 
electric quadrupole with a small magnetic dipole 
admixture. The correlation data are consistent 
with spin assignments of 2 or 3 for the levels at 
3.04, 3.32, and 3.34 Mev. 


U***(n, 2n) U8" CROSS SECTION FROM 6 TO 10 
Mev. J. D. Knight, R. K. Smith, and B. Warren, 
Los Alamos Scientific Laboratory, University 
of California, Los Alamos, New Mexico (Re- 
ceived June 18, 1958). 


The cross section of the U***(n, 2n)U?*’ re- 
action has been measured with incident neutron 
energies from 6 to 10 Mev and at 16 Mev. The 
(n, 2n) cross section at each neutron energy was 
obtained by multiplying the ratio of U**’ atoms 
to fission events, measured radiochemically, 
by the appropriate U*** fission cross section. 
These data, together with the data of other in- 
vestigators for the 13-15 Mev region, are used 
to outline an (nm, 2m) cross section curve from 
threshold to 16 Mev. 


DECAY OF Gd"**, S. S. Malik,* N. Nath,? and 

C. E. Mandeville, Bartol Research Foundation of 
the Franklin Institute, Swarthmore, Pennsylva- 
nia (Received June 6, 1958). 


The decay of Gd'** has been studied with the 
aid of a thin magnetic lens beta-ray spectrom- 
eter and coincident scintillation spectrometers. 
Two principal beta-ray groups, with the end- 
point energies 580+10 and 940415 kev have 
been observed to decay with the 18-hour half 
life of Gd'**, revealing energy levels in the re- 
sidual nucleus, Tb‘**, at 56, 136, and 361 kev. 
The coincidence measurements gave evidence of 
a third beta component, with the end-point ener- 
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gy of 880420 kev, coincident with the 56-key 
gamma ray. The intensities of the three compo- 
nents (580+10, 880+20, and 940415 kev) have 
been estimated to be approximately 20, 6, and 
74%, respectively. Internal conversion coeffi- 
cient measurements indicated the 361-kev gam- 
ma ray to be a mixed (M1 and E2) transition. 


* 
Permanent Address: Muzaffar Nagar (U.P.), 
India. 
tPermanent Address: Delhi, India. 


HYPERFINE-STRUCTURE SEPARATIONS AND 
MAGNETIC MOMENTS OF Cs?’,Cs?”°, Cs'*°, 
AND Cs!**, William A. Nierenberg, Howard A. 


Shugart, Henry B. Silsbee, and R. J. Sunderland, 


Radiation Laboratory and Department of Physics, 
University of California, Berkeley, California 
(Received June 11, 1958). 


The atomic hyperfine-structure separations 
and magnetic moments of four neutron-deficient 
cesium isotopes have been measured by an 
atomic-beam magnetic-resonance method as 





Isotope hfs,Av Magnetic 
(Mc/sec) moment,p 
(nm) 
Cs?" (6.2 hr,J=4) 8950 +200 +1.43 +0.04 
Cs!?9 (31 hr, J=4) 9200 +200 +1.47 +0.04 
Cs! (30 min,/=1) 64004350 for +1.37 +0.08 
6800 +350 for - 1.45 +0. 08 
Cs'*? (6.2 day,/=2) 8648+ 35 +2.22 £0.02 


The spin measurement of Cs!*? is discussed. 


GAMMA RADIATION FROM AI?"+p and F’*+ p. 
W. A. Ranken, T. W. Bonner, R. Castillo- 
Bahena, M. V. Harlow, Jr., and T. A. Rabson, 
The Rice Institute, Houston, Texas (Received 
June 5, 1958). 


Gamma radiations with energies less than 
3 Mev have been observed with an intermediate- 
image lens spectrometer when targets of alumi- 
num and fluorine were bombarced by protons. 
Gamma-ray spectra from Al+ p were obtained 
for proton energies of 2.4, 3.0, 4.0, and 4.4 
Mev. Gamma radiation with quantum energies 
of 0.845, 1.014, 1.722, 2.216, and 2.992 Mev 
were observed and are attributed to excited 
states of Al*’. Gamma radiations of 1.369 Mev 
from Mg” and 2.741 Mev, probably from both 
Al” and Mg**, were also observed. Internal con- 
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version electrons from the excited states of Al?’ 
were Observed; the conversion coefficients in- 
dicate that the 0.845-Mev radiation is E2 and 
that the 1.014-Mev radiation is M1. Gamma ra- 
diation from F'®+p was observed with quantum 
energies of 1.236, 1.358, and 1.46 Mev. The re- 
lative intensities of the y-rays were observed 
for proton energies of 3.22, 3.65, and 4.27 Mev. 


RADIATION CORRECTIONS TO MUON AND 
NEUTRON DECAY. S. M. Berman, Norman 
Bridge Laboratory of Physics, California Insti- 
tute of Technology, Pasadena, California (Re- 
ceived June 11, 1958). 


The correction to muon decay due to electro- 
magnetic interactions have been recalculated. 
Our results differ from those of Behrends, 
Finkelstein, and Sirlin, because those authors 


_ used an inconsistent method for handling the 


infrared divergences which arise separately in 
the real and virtual processes. The disagree- 
ment is especially significant near the end of the 
electron (positron) spectrum where our results 
indicate that the radiative correction to the 
Michel parameter p is approximately 1% larger 
than previously supposed, a result in the direc- 
tion of increasing agreement between experi- 
ment and theory. With the radiative corrections 
to muon decay given here, the predicted value 
of the muon lifetime using the universal theory 
is (2.27 +0.04) x10~® sec. As a preliminary to 
studying the decay of particles with structure, 
the 8 decay of the neutron is examined. This 
leads to an increase in the Coulomb F factor 
independent of the nuclear charge and of amount 
approximately 2.6%. As a result the universal 
coupling constant obtained from the decay of O"* 
is decreased to G = (1.37 +0.02) x10~*® erg cm* 
and increases the value of the muon lifetime to 
(2.33 0.05) x10~® sec. 


THE MULTIPLE SCATTERING OF PROTONS. 
Hans Bichsel, The Rice Institute, Houston, 
Texas, and University of Washington, Seattle, 
Washington (Received June 6, 1958). 


Multiple scattering has been studied experi- 
mentally for protons of energy between 0.7 and 
4.8 Mev in several metals. Agreement with 
Moliere’s theory of multiple scattering is found 
for both the shape of the distribution function 
and its width within the errors of the experiment 


(3-5%), except possibly below 1 Mev. A Gauss- 
ian curve deviates considerably from the ob- 
served distribution at large angles, and there- 
fore does not appear to be suitable for the de- 
scription of multiple scattering. 


A MINUMUM THEOREM FOR THE INTER- 
ACTION RADIUS IN TWO-BODY COLLISIONS. 
William Rarita* and Philip Schwed, RIAS, In - 
corporated, Baltimore, Maryland (Received 
May 28, 1958). 


A general theorem has been derived for the 
behavior of a two body scattering process. It is 
shown that the phase shift analysis must incor- 
porate at least T non-negligible phase shifts 
where / is determined by the total and elastic 
cross sections in a simple fashion. For large 
i, a minimum value for the interaction radius 
can be inferred from /. This result is applied 
to several scattering experiments which were 
previously analyzed, and the minimum radius 
obtained turns out in each case to be quite close 
to the interaction radius as estimated in the more 
elaborate discussion. 


* Permanently at Brooklyn College, Brooklyn, New 
York. 


CONSERVATION LAWS IN GENERAL RELATIV- 
ITY AS THE GENERATORS OF COORDINATE 
TRANSFORMATIONS. Peter G. Bergmann, De- 
partment of Physics, Syracuse University, 
Syracuse, New York (Received June 9, 1958). 


The components of the so-called canonical 
energy-stress pseudotensor in general relativity 
may be thought of as the generators of infinitesi- 
mal coordinate transformations corresponding 
to a rigid parallel displacement of the coordin- 
ate origin, just as in Lorentz-covariant theor- 
ies. In this paper it is shown that the canonical 
expressions, as well as the expressions propos- 
ed by Landau and Lifshitz and the expressions 
for the angular momentum density, are all 
special cases of an infinity of conservation laws 
whose pseudovectors’ generate arbitrary curvilin- 
ear coordinate transformations. This approach 
enables us to construct the transform of every 
one of these conservation laws under an arbitrary 
(finite) coordinate transformation. Finally it is 
shown that every one of these conservation laws 
may be used to obtain a surface integral rela- 
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tionship that describes the motion of singular- 
ities in a\general-relativistic theory. It is con- 
cluded that there is an infinite number of para- 
meters that describes a singularity of the field, 
a fact that had previously been in doubt. 


RELATIVISTIC FIELD THEORY OF UNSTABLE 
PARTICLES. P. T. Matthews and Abdus Salam, 
Imperial College, London, England (Received 
June 9, 1958). 


An attempt is made to clarify the fundamental 
physical basis of the intrinsic characteristics of 
unstable elementary particles and to replace the 
conventional, purely phenomenological, des- 
cription in terms of cecaying states and complex 
energy levels, by definitions which are consist- 





ent with general requirements of relativistic 
quantum mechanics like Hermiticity, unitarity 
and causality. 


KLEIN-GORDON AND DIRAC EQUATIONS IN 

GENERAL RELATIVITY. Joseph Callaway, De. 
partment of Physics, University of Miami, Con 
Gables, Florida (Received June 2, 1958). 


It is shown, that when account is taken of the 
gravitational field of a point charge, the Klein- 
Gordon and Dirac equations for the motion ofa 
charged particle in a Coulomb field do not pos- 





sess solutions which can be expressed as a 
series of terms proportional to positive integral 
powers of the gravitational constant. 
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